The sequence of 1.6 kb of DNA surrounding the alcohol dehydrogenase (Adh) gene from five species of the Planitibia subgroup of the Hawaiian picture-winged Drosophila, with estimated divergence times of 0.4-S. 1 Myr, has been determined. The gene trees which were found by using the sequence divergence from different regions of the sequences are generally in accord with the phylogeny proposed for these species when chromosomal inversions and island of origin are used. One of the species (D. picticornis) appears to be more distant from the other species in this group than they are from a member of the Grimshawi group (D. afinidisjwzcta) which is chromosomally more distant. Two of the species (D. dzjkens and D. planitibia) show heterogeneity in the nucleotide changes in the Adh coding region, heterogeneity which is interpreted to be due to a gene conversion or recombination after hybridization between the two species. The minimal rate of nucleotide substitution of synonymous nucleotides and of nontranscribed nucleotides downstream from the coding region is estimated as 1.5 X lo-* and 1.1 X lo-* substitutions/ nucleotide/year, respectively. This rate is two to three times the maximal rate estimated for mammalian synonymous substitutions.
Introduction
In previous work from our laboratory we examined the phylogenetic relationships of the planitibia subgroup of the picture-winged group of the Hawaiian Drosophila, by DNA hybridization and lowering of the melting temperature (Hunt et al. 1981; Hunt and Carson 1983) and by restriction mapping of the DNA surrounding the alcohol dehydrogenase gene (Bishop and Hunt 1988) . The phylogenetic trees obtained from these two methods were in good agreement with each other and with the phylogenies proposed by others, who used chromosome inversions, enzyme polymorphism, morphology, and island of origin (Carson and Kaneshiro 1976; Carson and Yoon 1982) .
Because of the sequential formation of the Hawaiian Island chain by volcanic action over a hot spot in the Pacific plate, it is possible to estimate the age of each island accurately by potassium/argon dating (McDougall 1979) . The seven high islands in the Hawaiian chain form a chronological series in which each island is OS-1.5 Myr older than its adjacent eastern neighbor. Most species of the Hawaiian Drosophila are found only on one of the seven islands, and it is assumed that in most cases the species were formed, after the formation of the island, by colonization from an adjacent, older, island. In many cases, when the phylogeny of a species group on an island is known, it is reasonable to assume that the oldest species diverged soon after the formation of that island, giving a more accurate dating for the divergence.
Both the technique of DNA hybridization and that of restriction mapping assume that the divergence between species results from the accumulation of single-base-pair substitutions. It is clear, however, from the examination of sequence comparisons of noncoding regions that many of the differences are caused by small deletions and insertions. Tajima and Nei ( 1984) have estimated that these differences are almost as great as the rate of synonymous changes in the first intron and 3' coding region of the globin genes. When DNA hybridization is used to measure distances, there is a large difference between the ratio of lowering of the melting temperature and the amount of DNA which reassociates when comparing results between different phyla (Hunt et al. 198 1; Caccone et al. 1988 ). This phenomenon could be caused either by the accumulation of small deletions and insertions or by unequal rates of accumulation of nucleotide changes as seen by Martin and Meyerowitz ( 1986) . Werman et al. ( 1990) have shown that the DNA that fails to hybridize between Drosophila species does have some homology between the species and is not caused by large (> IOO-200-bp) deletions. However, because of the changing fraction of DNA that is measured by the hybridization technique, there is an inherent nonlinearity which would appear to be difficult to correct when one is comparing more distant species.
While the results from the different types of measurement for nuclear DNA in Hawaiian Drosophila have generally been in agreement (Johnson et al. 1975; Hunt and Carson 1983; Bishop and Hunt 1988) , there is some discrepancy with the data from restriction-enzyme analysis of mitochondrial DNA sequencing the DNA of the alcohol dehydrogenase (Adh) gene (Adh). The sequences analyzed include the complete coding region and almost 500 bp of DNA on the 3' side of the poly( A) addition signal. This enables a comparison with the Adh region from several other Drosophila species, including another of the Hawaiian picture-winged group (D. afinidisjuncta; Rowan and Dickinson 1988) and D. melanogaster (Benyajati et al. 198 1) . The analysis of the sequence differences between the closely related species still cannot resolve the exact time of divergence of the two species D. differens and D. planitibia. Part of the reason is that between these species there is a nonuniformity in the distribution of nucleotide changes which is best explained by a gene conversion or recombination event between the two species. The heterogeneity covers most of the Adh coding region, which reduces the amount of the sequence which can be used for comparison of these two species. The suspected gene conversion or recombination is the first that has been described between two species and must have resulted from a hybridization between the species sometime in the recent evolutionary past.
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Material and Methods
The isolation and restriction-site mapping of molecular recombinants of the Adh from Drosophila silvestris, D. heteroneura, D. d$erens, D. planitibia, and D. picticornis in bacteriophage lambda has been described elsewhere (Bishop and Hunt 1988 ) . The restriction maps of the molecular recombinants used in the present work are shown in figure la. Blot hybridizations using Adh molecular recombinants from D. melanogaster (Goldberg 1980) ) hybridization with cDNA from larval poly (A) RNA from D. heteroneura (Bishop 1982; Bishop and Hunt 1988) , and the DNA sequence of the Adh region from D. afinidisjuncta (Rowan and Dickinson 1988) locate the Adh protein coding sequence to a 1.6-kb EcoRI fragment in D. silvestris, D. heteroneura, D. differens, and D. planitibia . The homologous sequence is carried on a 4.5kb EcoRI fragment in D. picticornis. For each species, the Adh-containing DNA fragments were cloned into the bacteriophage Ml 3 mpl8 and mp19 (Messing 1983; Yanisch-Perron et al. 1985) in preparation for dideoxynucleotide DNA sequencing (Sanger et al. 1977 ) . The molecular recombinants were in turn subcloned after controlled deletion by Bal 3 1 exonuclease or by exonuclease III digestion (Henikoff 1984; Dale et al. 1985) and by further restriction-enzyme digestion, to provide a set of templates for DNA sequence determination. The distribution of the fragments is shown in figure 1 b, together with the relationship of the coding and noncoding regions.
DNA sequences were read directly or by use of a semiautomatic gel reader using the Graf/Bar sonic digitizer (Science Accessories Corp.), from autoradiographs of denaturing polyacrylamide gels (Maxam and Gilbert 1977) , by using an Apple IIe program (Komaromy and Govan 1984; J. A. Hunt, unpublished data) which produces files which can be used directly by the sequence analysis programs. Ambiguities were resolved by sequencing the uncertain region with avian myeloblastosis reverse transcriptase (Krawetz 1987) , rather than with the Klenow fragment of Escherichia coli DNA polymerase and/or by sequencing the complementary DNA strand, when subclones containing the DNA sequence in this orientation were available. All sequences were confirmed by resequencing the templates at least once, and each autoradiograph was read at least three times. After comparison of Adh sequences from two species, apparent differences were verified by reading the relevant autoradiographs once again. Sequence data were collected and compared using the DNA and Protein Sequence Analysis (DPSA) program (Marck 1986 ) on an Apple IIe computer. More extensive similarity searches and alignment of the sequences of the different species-as well as comparisons with Adh sequences from other species-was done by using the SEQA and SEQH programs from Kanehisa ( 1984) on a VAX 11/750 VMS.
Results

Nucleotide Sequence
The nucleotide sequences of the five species of Hawaiian Drosophila determined in the present work, together with that of the same region from D. afinidisjuncta (Rowan and Dickinson 1988) , are shown in figure 2. The single nucleotide changes that are shared by more than one species-and that are therefore phylogenetically informative-have been indicated by showing the changes in lowercase in figure 2. There are a total of 12 insertion or deletion events, ranging in length from 3 to 20 nucleotides in the six species, and there are five doublet and 10 single-base insertions or deletions. The alignments were first made by using the SEQA program from Ka- The arrows indicate the regions of the DNA and the direction in which they were sequenced after subcloning into bacteriophage M13. The complete region was covered by using unidirectional deletions and further subcloning by restriction-enzyme digestion. The vertical bars on the arrows indicate regions that were subcloned by restriction-enzyme digestion and subcloned in opposite orientations to allow sequencing in both directions. The three exons which have been sequenced are shown by the filled bars above, and the transcribed region is shown by the heavy arrow.
nehisa ( 1984) , and where the deletions and insertions in the sequences are obvious they were improved by eye. A possible duplication of a region of the second intron (residues 142-227 in D. heteroneuru) in slightly different regions was revealed by another alignment program and is shown in figure 3 . This indicates that, especially in the introns, it is not always possible to assume that a particular alignment algorithm has shown all of the best alignments-or, indeed, whether the putative changes shown occurred in evolution. This might lead to overestimation of the rate of nucleotide changes if such deletions are ignored. The sites used only for the construction of the parsimony trees are shown in summary in figure 4.
Distance Measurements
Because the distribution of nucleotide substitutions is not uniform across the region, the distances between the species were calculated for the following groupings in table 1: In the coding region, shown as the underscored region in figure 2 , the synonymous and nonsynonymous changes calculated by the method of Li et al. ( 1985) are shown in columns 1 and 3 of table 1. The fourfold-degenerate site changes calculated by the method of Lewontin (1989) are shown in column 2. In columns 4-7 the changes, calculated by the two-parameter method of Kimura ( 1980) , are shown for the total coding region, for the 3' nontranscribed region following the poly( A) addition signals starting at position 1170 in D. heteroneuvu, for the total noncoding DNA, and for the total DNA of the 1.6-kb region.
Construction of Phylogenetic Trees
Gene trees were constructed from the distances by using several different algorithms. These are UPGMA with error estimates for the branching points , two programs from Felsenstein's PHYLIP package version 2.9 (Felsenstein 1988 )-namely,
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A summary of the trees obtained for the data is shown in figures 5 and 6. The neighbor-joining trees shown in figure 6 indicate that there is some inequality of rates in each arm as compared with the equivalent UPGMA trees in figure 5 . However, when the errors in determining the branch points as shown in figure 5 are taken into account, these differences are not significant. The total noncoding trees in figures 5A and 6A and the 3' nontranscribed tree in figure 5B (Saitou and Nei 1987) and distances shown in table 1. While this is an unrooted tree, the branch for D. picticomis is made the same as the longest branch of the other species, so that they both are on the origin of the distance. The other distances are rooted by the divergence from D. picticomis. Panel designations are as in fig. 5 . Abbreviations for the species are as in fig. 1 .
Evidence for Recombination within Adh of Drosophila di_trerens and D. planitibia
There is a distinct difference in the distances calculated between D. di,trerens and D. planitibia, depending on whether the 3' nontranscribed region or the 5' region including the whole of the coding region is used for the comparison. Evidence that this heterogeneity is due to hybridization between the two species-with subsequent recombination, or gene conversion-is seen by the excess of the shared nucleotide changes in the first 200 nucleotides at the 5' end of the sequence as compared with the 3' nontranscribed region. The distribution of the unique, shared nucleotide changes in the three species pairs picticornis is shown in figure 7 , as is the distribution of the changes found between the species pairs. No such heterogeneity of distribution of changes is found for the other species pairs. In addition, the deletion at position 182-194, which is unique to D. d@zrens and D. planitibia, is in the region where a recombination event is suspected. Unfortunately, there is too little information to apply either Stephens's ( 1985) or Sawyer's ( 1989) statistical test for gene conversion.
Determination of Rate of Nucleotide Substitution between Species
To estimate the rate of nucleotide change we can use the branch points in the phylogeny and the approximate time when these branches occurred. The dating of the emergence of the Hawaiian Islands has been estimated, with a standard deviation of < 10% (McDougall 1979) . Previous considerations of the phylogeny and biogeographic distribution of the planitibia subgroup make it possible to estimate the place and maximal time of their divergence.
Drosophila heteroneura and D. silvestris diverged after the formation of the island The maximal time of divergence for these species would be from the time of formation of Molokai ( 1.8 Mya). However, the data from mitochondrial DNA of other species, from Maui, suggest that the divergence of those planitibia subgroup species which share the Xr inversion was not the primary event and could 62 Rowan and Hunt have occurred at the time of the formation of Maui ( 1.3 Mya) (De&he and Templeton 1988) .
From the chromosomal phylogeny it is expected that the divergence of D. picticornis would be the next branch point and that this branch would have occurred at the time of formation of the island of Oahu (3.5 Mya) and that D. ufinidisjuncta, which is a member of the grimshawi subgroup, possibly would have diverged at the time of formation of Kauai (5.1 Mya). Because all of the trees indicate that D. a&%-idisjuncta is closer to the other planitibia group species than to D. picticornis, this latter assumption may not be true. There are representatives of the grimshawi group on Kauai. Therefore, it is more likely that the time of divergence of these species was some time after the formation of Kauai and before the formation of Oahu.
The plots of the nucleotide distances from the coding and noncoding regions are shown in figure 8 , where either the Kauai or the Oahu formation time is used as the divergence time for D. picticornis and where the Maui and Hawaii formation times are used as the other two divergence times. The line drawn through the points is a regression line using these three nodes. The estimated rates of nucleotide change, as measured by the regression lines, are shown in table 2. On the basis of the rates derived from a divergence for D. picticornis on Kauai, the times of divergence of D. afinidisjuncta and D. planitibia are 3.9 f 0.44 Mya and 0.67 + .09 Mya, respectively. No measure of the within-species nucleotide polymorphism has been made by sequencing the DNA from these regions on other chromosomes, so the rates cannot be corrected for this polymorphism.
Discussion
Rate of DNA divergence in Hawaiian Drosophila Species
The slopes of the regression lines in figure 8 are twice the rate of nucleotide change. These rates are shown in table 2. In most cases the correlation is greater when the divergence time of D. picticornis is taken as 5.1 Mya (the age of the oldest lava flows on Kauai; McDougall 1979) than when the divergence is taken as 3.5 Mya (the time of emergence of Oahu). The maximum rate when the slope of the regression lines from the Kauai divergence is used is 1.7 X lo-* substitutions/nucleotide/ year; however, there is on the regression line a negative intercept which may exaggerate the true slope. The next highest rate, 1 .O X lo-* substitutions/ nucleotide/ year, is that for the 3 ' nontranscribed region which we expect to be free of any selection constraints, since it comes after the poly( A) addition signal.
While no measurement of polymorphism within species has yet been made by DNA sequence analysis, measurements made using restriction-enzyme-site polymorphism indicated that the degree of polymorphism was similar in each of the species. The mean level of polymorphism for the region covering 10 kb surrounding the Ad/z gene was 0.6%/nucleotide (Bishop and Hunt 1988) . Estimates from recombinant DNA clones from different regions on the 3' side of the A& range from 3% /nucleotide for D. picticornis to lS%/nucleotide for D. silvestris (Bishop and Hunt 1988 ; K. A. Houtchens and J. A. Hunt, unpublished data). If the level of polymorphism in the Adh region is similar in all of the species, then the slope of the regression line would not be affected by the polymorphism.
Because the regression line for the synonymous changes does not pass through or above the origin ( fig. Xd) , the slope may be anomalously high. A better estimate for the synonymous rate can be found by taking the average distances between D. picticornis and the other species and assuming a time of divergence of 5.1 Mya. In this case a rate of 1.5 X lo-' substitutions/nucleotide/year is found (table 2) . This is comparable to the rate found for the 3' nontranscribed region ( 1 .O X lo-* substitutions/nucleotide/ year). Previous studies of distances in the Hawaiian Drosophila have found rates of 0.5 X lo-* substitutions/nucleotide/year for restriction-enzyme analysis and DNA hybridization (Hunt and Carson 1983; Bishop and Hunt 1988) . The rate found for the total DNA of the Adh region, 0.75 X 1O-8 substitutions/ nucleotide/year, is quite close to this value but may reflect that only a small region of the genome is being surveyed by this method. Data from other gene regions of the same species may help to determine whether there is indeed a variation of rates over the genome. It is possible that the synonymous rate may change by a factor of two (Shields et al. 1988 ), and it is quite possible that a significant portion of the noncoding DNA is subject to some form of selection and that therefore its rate will be lower.
Comparison with Rates of Change in Other Species
The major difficulty in determining rates of nucleotide change in most insect species is the lack of any good fossil record for the determination of dates of species divergence. Where attempts have been made to determine rates, the most frequent reference for divergence time is Throckmorton ( 1975) . Here the age of a species is inferred from geographical distribution of species and from the estimated time of continental drift (for a more comprehensive discussion of the available information, see Beverley and Wilson 1984) . The major inference is that the divergence of the virilis and melanogaster groups occurred >40 Mya and probably ~60 Mya, provided that there was no migration across the Atlantic or Pacific Oceans. Rates of synonymous substitutions based on this divergence time for Drosophila are given as 0.5-l .6 X IO-' substitutions/nucleotide/year (Moriyama 1987 ). However, it should be noted that the Hawaiian Drosophila are assumed to have migrated from continental land masses, from which the Hawaiian Islands are >4,000 km apart. This is not much less than the shortest distance between the South American continent and Africa. If we consider that the nucleotide distance found between the Hawaiian Drosophila and D. melanogaster is a measure of the divergence time of the Drosophila and Sophophora divergence, then, when the synonymous rate of change of 1.5 X 10e8 substitutions/ nucleotide/year is used, the estimated time of divergence is 41 Mya. However, this may be complicated by the apparently slow rate of change of synonymous nucleotides in D. melanogaster (Shields et al, 1988) ) a slow rate which leads to an underestimation of the time of divergence. A very similar estimate is obtained when the nonsynonymous rates are used. Further information on rate heterogeneity awaits the use of an outgroup to the Drosophila and Sophophora groups. Li et al. ( 1985) have measured the rate of synonymous nucleotide divergence of mammalian and avian species. The rates found in their study are 0.14-1.18 X 10 -8 substitutions/nucleotide/year, with a mean of 0.47 X lo-* substitutions/nucleotide/ year. In rodents the maximal rate of change is found to be 0.8 X lo-' substitutions/ nucleotide/ year for synonymous substitutions (Sharp and Li 1989 ). It appears that the rate of synonymous nucleotide substitution in Drosophila is two to three times higher than the average found in mammals. The Drosophila-to-mammalian rate ratio is a minimum value because the fossil evidence gives a minimum time since divergence, whereas the island-dating method gives a maximum time since divergence. A similar conclusion was made by Moriyama ( 1987) by using the synonymous substitution rate from Drosophila Adh and heat-shock proteins.
Deletion and Insertional Changes
There are many changes between these species that cannot be accounted for by single nucleotide substitutions. These changes vary from the large insertions and deletions which are caused by transposing elements and are readily detected by restriction mapping (Aquadro et al. 1988 ) to small deletions and insertions. These latter range in size, from three nucleotides to >200 nucleotides, with the majority being ~100 nucleotides. This latter class would be largely undetected by restriction mapping, unless four base-cutting enzymes are used (Kreitman and Aguade 1986 ) . The insertions and deletions are generally limited to the noncoding region. While deletions and insertions are seen in the coding regions of the multigene chorion family (Jones and Kafatos 1982) , very few changes of this type seem to be tolerated in the single-copy gene coding sequences.
In the Adh coding region, there is a deletion of six nucleotides (two amino acids) between the Sophophora and Drosophila-but no other. Of the > IO-nucleotides deletions that are found in the Hawaiian Drosophila, only two are phylogenetically informative in that they are shared by two or more species. One of these two, the deletion shared by D. differens and D. planitibia in the first intron, could be accounted for by gene conversion or recombination between the species. The other, just after the 3' end of the coding region, is shared between D. silvestris and D. heteroneura and appears to be either a deletion and insertion or two different insertions. Of the five deletions or insertions found singly in the different species, two are found in each of the species D. afmidisjuncta and D. picticornis. Most of the changes cannot be accounted for by a slippage-type error in DNA duplication, except for the insertion in D. ufinidisjuncta in the second intron and, possibly, the duplications seen in the first intron ( fig. 3 ). In the other deletions there are no common features-such as repetitive sequences or short repeats flanking the insertions-which would indicate that they have occurred by the process of transposition and excision, and in this respect these deletions do not follow the types of change; found by Jones and Kafatos ( 1982) in the chorion gene sequences of the silk moth, which are caused mostly by simple sequence changes.
The comparison of the 3' noncoding regions of D. heteroneura and D. picticornis shows that 9% of the sequence over this region differs because of deletions and insertions. Nucleotide substitutions account for 12% of the variation in the rest of the region. A similar result is found for the ratio of deletions and insertions in the two regions having differing rates of change and that are close to the glue genes of D. melanogaster, D. orena, and D. yakuba (Martin and Meyerowitz 1986) .
Comparison between Adh Regions of Other Species
Adh is one of the most frequently sequenced DNA regions of the Drosophila genus. The phylogenetic relationships of this region have been intensively studied in the melunogaster subgroup (Kreitman 1983; Bodmer and Ashburner 1984; Cohn et al. 1984; Easteal and Oakeshott 1985; Stephens and Nei 1985; Coyne and Kreitman 1986 ). In the case of such closely related species as D. sechellia, D. simulans, and D. mauritiana, it is extremely difficult to infer an unambiguous phylogeny from the sequence of the A& region, since the amount of polymorphism within the species is very close to the between-species differences. The distances involved are similar to the distances which we find here for the species D. silvestris, D. heteroneura, D. dtfirens, and D. planitibia. In both the rnelanogaster and planitibia species groups, anomalous mitochondrial DNA phenotypes are found that would indicate that introgression has occurred between the species Solignac et al. 1986 ).
The codon usage in the Adh of the Hawaiian species is different from that of D. melanogaster Adh. This was shown by doing a likelihood-ratio test comparing Adh codon usage in D. melanogaster and D. heteroneura, by using the program Monte Carlo 2XN written by W. Engels (personal communication) and based on the procedure described by Lewontin and Felsenstein ( 1965) . The Monte Carlo simulation using identical marginal totals as the observed table showed a probability of identity of the species of ~0.004. The same test within the Hawaiian species had a probability of identity of -0.99.
The distribution of codon usage is heterogeneous, as is found in D. melanogaster . The difference in the "scaled" x2 values (Shields et al. 1988) found for the two species groups also indicates a difference in the codon usage. Starmer and Sullivan ( 1989) have also found that the usage of the third base in coding regions is different between the Sophophora and Drosophila species groups including D. af-
Jinidisjuncta.
If the rates of nucleotide change are equal, the ratio of transversions to transitions is expected to be 2: 1, and hence the fraction of transitions is expected to be 0.33. The fraction of transitions for all of the planitibia group species (minus D. picticornis) is 0.66 (x2 = 66.4, 1 df, P < 0.01 ), and for D. picticornis versus the rest of the species the ratio is 0.56 (x2 = 45.3 1 df, P c 0.01). In contrast, if one uses the noncoding regions, the fraction of transitions for all of the closely related species (minus D. picticornis) is 0.52 (x2 = 60.4, 1 df, P < 0.01 ), and for D. picticornis versus the rest of the species the ratio is 0.46 (x2 = 30.9, 1 df, P < 0.0 1). There is a definite reduction in the fraction of transitions as the time of divergence between the species increases. This is to be expected, since transversions cannot be reversed as readily as transitions, a fact which allows an accumulation of transversions over longer periods of evolutionary time.
Phylogenetic Consequences of Between-Species Recombination
The construction of species trees by using nucleotide sequence differences is confounded by the presence of polymorphism in the ancestral populations, which makes the gene trees that are constructed less informative for closely related species than might be expected (Pamilo and Nei 1988) . A similar problem certainly exists with phenotypic characters used for determining species trees, but polymorphism can be measured more accurately for nucleotide changes. A further limitation lies in the possibility of hybridization between D. planitibia and D. dtfirens, with a consequent recombination or gene conversion within the Adh region. In this case the region of the DNA involved in the recombination must be excluded from the measurements used to determine the gene trees for the species. This reduces the number of nucleotides that can be compared between the two species in determining their distances. Interspecific hybridization should also aflect other nuclear genes and the measurements made by DNA hybridization. For measurements using mitochondrial DNA, the effects could be even more drastic, as is seen by the apparent replacement, in certain popuAlcohol Dehydrogenase of Hawaiian Drosophila 67 lations, of one mitochondrial DNA species by another (Powell 1983; Solignac et al. 1986 ).
There is virtually no difference between the gene trees that are derived from the data by using UPGMA ( fig. 5 ) and those that are derived from the data by using the neighbor-joining method ( fig. 6) ) all of the differences being in the relative placement of D. dzfirens and D. planitibia. For these species the greatest discrepancies lie in the coding regions where the gene conversion is predicted, as is shown by the comparisons of synonymous and nonsynonymous changes. These anomalies are also seen in the parsimony trees.
If we consider all of the previous trees determined by distance methods (Johnson et al. 1975; Hunt and Carson 1983; , it would seem that D. planitibia is always closer to D. d@zrens than it is to either D. heteroneura or D. silvestris, even for the mitochondrial DNA. But the differences in most cases are not significant. In the trees shown here, this phylogeny is confirmed ( figs. 5a and 5b) . The only exception derives from the coding regions where D. planitibia appears to be closer to D. heteroneura and D. silvestris. More information from different genes may help to determine whether this is indeed the case.
Duplication of Adh Region
In the mulleri group there is both a duplication of the active Adh and an additional pseudogene adjacent to the duplication (Fischer and Maniatis 1985; Atkinson et al. 1988) . In both the melanogaster subgroup and D. pseudoobscura there is an apparent duplication of Adh, but the duplicated gene appears to have a different function (Schaeffer and Aquadro 1987) . In D. afinidisjuncta Rowan and Dickinson ( 1988) have shown that there is a duplication of almost 500 bp on the 5' side of the first exon, which duplication is found approximately 1.6 kb downstream from this point. The 1.6-kb subclones which we have sequenced appear to terminate in this duplication. In D. heteroneura, where a fragment of 300 bp has been sequenced downstream from the 1.6-kb EcoRI fragment, evidence for the duplication is found (L. Brezinsky and J. A. Hunt, unpublished data) . This duplication may be the remnant of a gene duplication, but, since it stops just at the beginning of the exon, it clearly has no present function. Preliminary evidence from other species outside the picture-winged group of Hawaiian Drosophila indicates that this duplication is not present in species more distant than 10 Mya (R. H. Thomas and J. A. Hunt, unpublished data).
Sequence Availability
These sequences have been deposited in GenBank under accession numbers M3678 1 (heteroneura), M36782 (picticornis), M36783 (planitibia), M36784 (silvestris), and M36785 (dzfirens).
